This paper presents a new numerical method to compute the macroscopic electromagnetic properties of the soft magnetic composite (SMC). In present method, SMC is assumed to be composed of homogeneous magnetic bricks with periodicity. The macroscopic electromagnetic properties of SMC are obtained using the finite element method in which it is assumed that the homogenized energy is equal to that stored in a unit domain. We compare the macroscopic electromagnetic properties obtained by the present method with those obtained by Ollendorf's formula and magnetic circuit based on the nonmagnetic grain boundary model. It is shown that the three results are in good agreement when assuming constant permeability. It is also found that there are clear discrepancies among them due to magnetic saturations especially when the demagnetization coefficient is large.
I. INTRODUCTION

S
OFT MAGNETIC COMPOSITE (SMC) cores composed of magnetic particles coated by electrically insulating and non-magnetic material have advantages over traditional laminated steels used in electromagnetic machines such as motors and reactors [1] , [2] : the former has lower eddy current losses and is adequate for forming 3D shapes [3] . It is experimentally shown that the macroscopic permeability and eddy current losses in SMC depend on the density, size and shape of the magnetic particles. Therefore it is necessary to optimize these parameters to realize desirable properties for SMC such as high permeability and low eddy current losses. The macroscopic electromagnetic properties of SMC can approximately be estimated by the classical methods based on Maxwell-Gamett's [4] , [5] , Ollendorf's [6] and Bruggeman's formulae [7] . The permeability of SMC can also be modeled using a magnetic circuit method based on the nonmagnetic grain boundary (NMGB) model [8] . However these formulae would not be valid for saturated cores, and these cannot treat with magnetic hysteresis and eddy current losses. This paper presents a new numerical method based on the finite element method (FEM) to compute the macroscopic electromagnetic properties of SMC. In the present method, it is assumed that SMC is composed of homogeneous magnetic bricks with periodicity. The macroscopic electromagnetic properties obtained by the present method in linear and nonlinear analysis are compared with these obtained by Ollendorf's formula and magnetic circuit model. Moreover we study the effect of the deviations in the volume fraction of magnetic particles in SMC on the magnetic property of the inductor on the basis of the present method.
II. NUMERICAL METHOD
A. Analysis Model
Let us consider SMC which consists of magnetic particles coated by non-magnetic material with periodic configuration. We assume the brick-shaped particles of the same size for simplicity. The uniform magnetic induction is applied to SMC in -direction as shown in Fig. 1 . We assume the Dirichlet and Neumann boundary condition on the side and top-bottom boundaries of the domain, respectively.
B. Finite Element Formulation
Let us consider static magnetic fields without electric currents. The governing equation is (1) where , are the permeability and vector potential, the later of which is discretized using the vector interpolation functions defined for each element edge as follows: (2) where j denotes the edge index. The FE equation for (1) can be written in the form (3) where (4) The unknown is now divided into two parts: where and correspond to the induced and external vector potentials. When we assume constant permeability for the magnetic particles, (3) is rewritten as (5) where K' is the FE matrix to which the boundary conditions are applied.
When we consider the magnetic saturation in the magnetic particles, the Newton-Raphson method is employed to derive the linearized equation given by (6) 0018-9464/$31.00 © 2013 IEEE where (7) (8)
The derivative of with respect to in (9) can be obtained from the BH curve.
III. COMPUTATION OF MACROSCOPIC ELECTROMAGNETIC PROPERTIES
A. Linear Analysis
In the present method, the macroscopic permeability is obtained so that the magnetic energy in the unit domain, shown in Fig. 1 , including the particle and non-magnetic layer is equal to the homogenized energy [9] . When assuming the constant permeability, the magnetic energy in a unit domain is expressed as (10) where , e, , and are the volume of the unit domain, element index, permeability and volume of element e. The homogenized magnetic energy is expressed in terms of the average field as follows: (11) From (10) and (11), we can obtain the macroscopic permeability for the linear case as:
(12)
B. Nonlinear Analysis
When we consider magnetic saturation, the magnetic energy can be expressed as (13) where (14) On the other hand, the homogenized magnetic energy can be expressed as follows: From (13) and (15), we can obtain the macroscopic constitutive relation for the non-linear case as (18) where .
IV. NUMERICAL RESULTS
A. Ollendorf's Formula and Magnetic Circuit Model
To test the validity of the present method, we compare the linear macroscopic magnetic properties obtained by the present method with those obtained by Ollendorf's formula and the magnetic circuit model. Ollendorf's formula [6] (19) has widely been used to estimate the permeability of heterogeneous structures, where , , and are the permeability of vacuum and magnetic particles, volume fraction of magnetic particles and coefficient of diamagnetic field which satisfies . In the method proposed in [8] , the magnetic field in the unit domain is analyzed using the magnetic circuit method. In this method, for the unit domain shown in Fig. 1 composed of a square flake with edge and thickness , surrounded by a gap of uniform thickness , the permeability is given by (20)
B. Analysis of Model 1: Simple Cubic Model
The magnetic property of SMC is analyzed by the three methods assuming that it is composed of the simple cubic lattice shown in Fig. 1 , which is called model 1. In the analysis, we set and is substituted to Ollendorf's formula because of the isotropic nature of the model. In the linear analysis, the relative permeability of magnetic particles is 1000. In order to obtain the relationship between the macroscopic permeability and volume fraction , the gap length is changed. From the results shown in Fig. 2 , we can see that the values of macroscopic permeability obtained by the three methods are in good agreement regardless of .
Next we consider the nonlinear magnetic property of SMC, where the magnetic particles are assumed to obey the BH characteristics of ferrite. Fig. 3 shows the magnetic property of the homogeneous ferrite core as well as macroscopic magnetic properties of SMC obtained by Ollendorf's formula, the magnetic circuit model and present method when . To compute the macroscopic permeability from the Ollendorf's formula and magnetic circuit model, the permeability of the ferrite, which is a function of , is substituted into (19) and (20). On the other hand, the BH characteristic is fully considered in the field computation of the present method. As shown in Fig. 3(a) , the three methods give almost identical macroscopic BH curves when . However, it is found in Fig. 3 (b) that when , , , the differences among them become significant. In particular, Ollendorf's formula yields higher values in in comparison with the other two methods. Moreover, the difference between the results obtained by the present method and magnetic circuit becomes large as increases. This would attribute to the fact that the magnetic field with magnetic saturations due to low and high cannot be well approximated by the magnetic circuit.
C. Analysis of Model 2: Body-Centered Cubic Model
We next consider SMC composed of the body-centered cubic lattice shown in Fig. 4 , which is called model 2 hereafter. The macroscopic permeability determined by the magnetic circuit model is given by [8] , [10] (21) where , and are the reluctances of the particle and gap along the and axes which can be expressed by (22,23) (24) The length on the side of a magnetic particle in model 2 is set to when , , when . The BH characteristics of ferrite and SMC modeled by the three methods are shown in Fig. 5 . It can be seen in Fig. 5(a) that the computed macroscopic BH characteristics are somewhat similar to each other. However, as shown in Fig. 5(b) , the discrepancies between the results obtained by the present method and the others become significant when increases. This would be due to the fact that the saturated magnetic fields cannot be accurately modeled by Ollendorf's approach and magnetic circuit method. Moreover, the differences in the results obtained by the three methods in model 2 are larger than those in model 1. This would be due to the fact that magnetic resistivity in model 2 is lower than that in model 1 so that magnetic saturation easily occurs in the former.
D. Analysis of Inductor
It is known that there is non-uniformity in the volume fraction of magnetic particles in SMC because of the stress in the production process. Here we analyze the effect of non-uniformity in on the magnetic property of the inductor using the present method in which model 1 is employed. The inductance of model inductor made of SMC shown in Fig. 6 is computed. In the analysis, the value of in a part of the upper magnetic plate is changed from 0.9 to 0.7. The turn of coil is 1 and set to 1.0 A. We find in Table I that the inductance becomes clearly small when there is non-uniformity in . In this paper, we have presented a new numerical method to compute the macroscopic electromagnetic properties of SMC. In the present method, these are obtained so that the magnetic energy in the unit domain including magnetic particles and nonmagnetic layer is equal to the homogenized energy. The macroscopic magnetic properties obtained by the present method has been compared with these obtained by Ollendorf's formula and the magnetic circuit model. It has been found that the three methods give almost identical results for macroscopic permeability when the material is assumed to have linear BH property. On the other hand, there are significant differences among them especially when the demagnetization coefficient is large or the applied magnetic field is strong. The reason for the discrepancies would be due to the fact that the saturated magnetic fields cannot be well treated by Ollendorf's approach and magnetic circuit modeling. We plan to apply the present method to analysis of hysteresis and eddy current losses in SMC in future. Moreover, we will apply the present method to more complicated examples.
